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Hepatitis C virus (HCV) infection is a major cause of liver 
disease characterized by inflammation, cell damage, and fi- 
brotic reactions of hepatocytes. Apoptosis has been impli- 
cated in the pathogenesis, although it is unclear whether 
proteases of the caspase family as the central executioners of 
apoptosis are involved and how caspase activation contrib- 
utes to liver injury. In the present study, we measured the 
activation of effector caspases in liver biopsy specimens of 
patients with chronic HCV infection. The activation of 
caspase-3, caspase-7, and cleavage of poly(ADP-ribose)poly- 
merase (PARP), a specific caspase substrate, were measured 
by immunohistochemistry and Western blot analysis by us- 
ing antibodies that selectively detect the active truncated, 
but not the inactive precursor forms of the caspases and 
PARP. We found that caspase activation was considerably 
elevated in liver lobules of HCV patients in comparison to 
normal controls. Interestingly, the immunoreactive cells did 
yet not reveal an overt apoptotic morphology. The extent of 
caspase activation correlated significantly with the disease 
grade, i.e., necroinflammatory activity. In contrast, no cor- 
relation was observed with other surrogate markers such as 
serum transaminases and viral load. In biopsy specimens 
with low activity (grade 0) 7.7% of the hepatocytes revealed 
caspase-3 activation, whereas 20.9% of the cells stained pos- 
itively in grade 3. Thus, our results suggest that caspase 
activation is involved in HCV-associated liver injury. More- 
over, measurement of caspase activity may represent a reli- 
able marker for the early detection of liver damage, which 
may open up new diagnostic and therapeutic strategies in 
HCV infection. (Hepatology 2001;34:758-767.) 

Hepatitis C virus (HCV) infection is one of the major causes 
of liver disease with an increased risk of cirrhosis and hepa- 
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tocellular carcinoma. The infection has a high propensity to 
chronicity, and the majority of HCV carriers have histologic 
evidence for liver inflammation, cell damage, and fibrotic re- 
actions of hepatocytes. The mechanisms responsible for HCV- 
mediated liver cell damage are poorly understood, and both 
immune-mediated reactions and direct cytopathic effects of 
HCV may be involved in its pathogenesis. It has been sug- 
gested that apoptosis plays an important role in HCV-associ- 
ated liver injury, 1-4 although it is unclear which cellular and 
molecular mechanisms participate in the process. 

One of the best-defined apoptotic pathways is mediated by 
the death receptor CD95, a member of the tumor necrosis 
factor superfamily that is constitutively expressed on hepato- 
cytes. 5 Experiments in mice have shown that agonistic CD95 
antibodies cause massive liver cell lysis, resulting in increased 
serum levels of transaminases and death from fulminant he- 
patic failure. 6 In patients with chronic HCV infection, expres- 
sion of CD95 is increased and associated with disease activity 
and the severity of liver inflammation. 7 - 8 When HCV-specific 
T cells migrate towards hepatocytes and recognize viral anti- 
gens through the T-cell receptor, they become activated and 
inducibly express the ligand CD95L that can transduce the 
apoptotic death signal to CD95-bearing hepatocytes. 2 In ad- 
dition to CD95L and other cytokines, both structural and 
nonstructural HCV proteins have been shown to modulate the 
sensitivity of hepatocytes for cell death. 913 

Cells undergoing apoptosis show a sequence of morpho- 
logic features including membrane blebbing, cellular shrink- 
age, and condensation of chromatin. Recent studies showed 
that the key morphologic alterations of apoptosis are essen- 
tially mediated by a family of conserved intracellular pro- 
teases, called caspases. 1 4-1 7 In mammalian cells, at least 14 
different caspase members exist that are cysteine proteases 
that cleave several cellular substrates after aspartate residues. 
Caspases are synthesized as inactive proenzymes and proteo- 
lytically processed to constitute an active complex composed 
of 2 heterodimeric subunits of about 10 and 20 kd. There is 
ample evidence that caspases form an intracellular proteolytic 
cascade that serves to amplify the apoptotic signal. Based on 
their structure and order in cell death pathways, caspases can 
be divided into initiator and effector caspases. Initiator 
caspases, such as caspase-8 and -9, exert regulatory roles. 
Upon binding to signal-transducing molecules they activate 
downstream effector caspases, such as caspase-3, -6, or -7, 
which finally cleave different cellular substrates, thereby in- 
ducing the apoptotic cell death. Among different substrates 
are enzymes involved in genome function such as the DNA 
repair enzyme poly (ADP-ribose) polymerase (PARP), regula- 
tors of the cell cycle such as retinoblastoma protein and 
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MDM-2, and structural proteins of the nucleus and cytoskel- 
eton including lamins, gesolins, and cytokeratins. 18 Further- 
more, DNA cleavage is triggered on caspase-mediated deg- 
radation of the inhibitory subunit of an endonuclease, 
designated CAD for caspase-activated DNase. 19 

Despite the rapid elucidation of apoptotic signaling, it is 
almost unknown whether and to what extent caspases are 
activated in human pathologies. Recently, we showed that 
caspases play a role in various liver diseases. 20 In the present 
study, we investigated the activation of caspases in liver bi- 
opsy specimens from patients with chronic HCV infection 
using novel antibodies specific for the activated form of 
caspase-3 and -7 as well as for the cleaved caspase substrate 
PARP. We show that HCV-mediated liver damage is charac- 
terized by increased activation of effector caspases. The extent 
of caspase activation correlated with the grade of disease, but 
not with surrogate markers, such as serum transaminases or 
viral load. Thus, our data suggest that activation of caspases 
and apoptosis are involved in the HCV-mediated liver dam- 
age. 

PATIENTS AND METHODS 

Cells and Reagents. The human hepatoma cell line HepG2 was 
maintained in Dulbecco's modified Eagle medium, 10% fetal calf 
serum, 100 units of penicillin/mL, and 0.1 mg streptomycin/mL (all 
from Gibco BRL, Eggenstein, Germany). The agonistic anti-CD95 
antibody (lgG3) was received from BioCheck (Munster, Germany). 
The activation-specific polyclonal antisera against cleaved caspase-7 
and cleaved caspase-3 were purchased from NEB (Beverly, MA) and 
RDS (Wiesbaden, Germany), respectively. The antisera were pro- 
duced by immunization of rabbits with KLH-coupled synthetic pep- 
tides around the cleavage sites of caspase-3 and -7, and therefore 
detected the active large subunits of the respective caspase, but not 
the inactive precursor forms. The monoclonal cleavage site-directed 
anti-PARP antibody was kindly provided by Dr. G. Fertig (Roche 
Molecular Research, Penzberg, Germany) and Dr. M. Brockhaus 
(Roche Diagnostics, Basel, Switzerland). It was generated by immu- 
nization of mice with a peptide surrounding the PARP caspase cleav- 
age site DEVD 214 . The antibody was specific for a caspase-generated 
neoepitope of the p85 fragment of PARP, but did not recognize the 
full-length protein. To detect the full-length forms of caspases and 
PARP, mouse-anti-caspase-3 (Transduction Laboratory, Heidelberg, 
Germany), mouse an ti- caspase- 7 monoclonal antibody (Pharmin- 
gen, Heidelberg, Germany) and a rabbit anti-PARP antiserum (Roche 
Molecular Research) were used. Biotinylated horse anti-rabbit IgG, 
anti-mouse IgG, and peroxidase-conjugated avidin-biotin complex 
were obtained from Vector Laboratories (Burlingame, CA). Cy3- and 
phycoerythrine-conjugated donkey anti-rabbit and anti-mouse IgG 
antibodies were from Jackson Laboratories and purchased from Di- 
anova (Hamburg, Germany). Cycloheximide, bovine serum albumin 
(BSA), 3-amino-9-ethyl-carbazole (AEC), and hematoxylin were 
purchased from Sigma (Deisenhofen, Germany). 

Patients. We investigated 20 patients (9 women, 11 men, 22-66 
years, mean age 44.4 ± 12.2) with chronic HCV infection. The study 
was performed with informed consent from each patient according 
to the guidelines of the ethics committee of the University of Mun- 
ster. The diagnosis was based on histologic examination by 2 pathol- 
ogists as well as on the presence of anti-HCV antibodies and HCV 
RNA in serum for at least 6 months. The patients had no other causes 
of liver disease and did not receive any HCV-specific therapy at the 
time of investigation. The presence of anti-HCV antibodies was de- 
termined by a commercially available enzyme-linked immunosor- 
bent assay kit (Abbott Diagnostics, Wiesbaden, Germany). The 
amount of HCV RNA in serum samples was quantified by the Am- 
plicor HCV Monitor test following the manufacturer's instructions 
(Roche Diagnostics). Genotyping of HCV according to the classifi- 
cation of Simmonds 21 was performed by a reverse hybridization as- 



say (Inno LiPA HCV II; Innogenetics, Ghent, Belgium). In 2 cases the 
virus load was not determined, and in 6 cases the genotype was 
unknown. The histologic diagnosis was established using hematox- 
ylin-eosin and Masson trichrome stains of formalin-fixed paraffin- 
embedded liver obtained at the same time as the specimens used for 
the immunohistochemical analyses. The liver biopsy specimens in 
the experimental group were assessed by 2 pathologists in a double- 
blinded fashion as to the grade of disease activity and stage of fibrosis 
according to Batts and Ludwig. 22 The necroinflammatory grade was 
based on morphologic features of portal inflammation, periportal 
inflammation/piecemeal necrosis, and lobular inflammation with 
semiquantitative scores (0 = no activity, 1 = minimal activity, 2 = 
mild activity, 3 = moderate activity, and 4 = severe activity). The 
stage of fibrosis was assessed as 0 = no fibrosis, 1 = portal fibrosis, 
2 = periportal fibrosis, 3 = septal fibrosis, and 4 = cirrhosis. The 
main clinical, biochemical, virologic, and histologic features in the 
patients at the time of liver biopsy are described in Table 1. Healthy 
liver sections from 3 patients obtained during partial hepatectomy 
due to metastasis of a nonhepatic primary tumor were used as con- 
trol. 

Immunohistochemical Staining of Tissue Sections and HepG2 Cells. Fro- 
zen sections (5 fxm) of liver biopsy specimens from patients with 
different grading of chronic HCV infection were examined. After 
blocking of endogenous peroxidase with 0.3% hydrogen peroxidase 
in methanol and washing in phosphate-buffered saline (PBS), non- 
specific binding was blocked with 1% BSA for 1 hour. Then, the 
activation-specific anti- caspase-3 (0.3 Mg/mL), an ti- caspase-7 (1 
/xg/mL), and anti-PARP antibodies (0.2 jug/mL) as well as isotype- 
matched control antibodies were added to the slides in 1% BSA and 
incubated for 1 hour at room temperature. After repeated washings 
in PBS, the sections were incubated with the biotinylated secondary 
antibody (20 figfmL) for 30 minutes. The sections were washed 
again and then covered with an avidin-biotin complex reagent con- 
taining horseradish peroxidase for 1 hour. Finally, the sections were 
washed in PBS and stained in a freshly prepared substrate solution (4 
mg AEC in 10 mL sodium acetate buffer, pH 4.9, 500 tiL dimethyl- 
formamide, 0.03% hydrogen peroxide) for 10 minutes. The reaction 
was stopped by extensive rinsing in dimineralized water. Subse- 
quently, the sections were counters tained with hematoxylin and 
mounted in glycerol/gelatine. HepG2 cells were stained in a similar 
way. Briefly, cells were seeded on coated coverslips in 6-well plates 
(1 X 10 6 cells/well), treated with anti-CD95 antibody (0.5 tig/mL) 
and cycloheximide (10 ng/mL), and then fixed in 3.7% paraformal- 
dehyde, before staining was performed with the avidin-biotin com- 
plex immunoperoxidase method. The number of immunoreactive 
cells in the biopsy specimens was assessed by the Openlab image 
software (Impro vision, Coventry, England). Pictures of a 10-fold 
magnification were imported, and positive cells in 4 microscopic 
fields of an approximately 400-fold magnification were counted. A 
statistical analysis comparing the frequency of immunoreactivity was 
performed using the U-test according to Mann and Whitney. A P 
value <.05 was considered to be significant. 

TUNEL Staining. DNA fragmentation was visualized by an enzy- 
matic reaction using the in situ cell death detection kit (Roche Mo- 
lecular Biochemicals). Briefly, sections were permeabilized for 5 
minutes on ice with 0.1% Triton-XlOO in 0.1% sodium citrate buffer 
pH 4.7. After a washing step in 50 mmol/L Tris-HCl pH 7.2, the 
sections were incubated for 1 hour at 37°C in a reaction mixture (200 
mmol/L potassium cacodylate, 25 mmol/L Tris-HCl pH 6.6, 0.2 
mmol/L ethylenediaminetetraacetic acid and 0.25 mg/mL BSA) con- 
taining terminal deoxynucleotidyl transferase (0.2 U//xL) and fluo- 
resceine-labeled deoxyuridine triphosphate (dUTP). After stopping 
the reaction and washings in PBS, sections were embedded in fluo- 
rescence mounting medium (DAKO, Hamburg, Germany). Sections 
labeled in absence of terminal deoxynucleotidyl transferase were 
used as negative controls, whereas sections pretreated with DNase I 
served as positive controls. In double-staining experiments DNA 
fragmentation was measured by immunofluorescence by using fluo- 
resceine-labeled dUTP in the TUNEL reaction, and anti-cleaved 
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Table 1. Clinical, Virologic, and Histologic Features in Patients 



Patient 


Sex and Age (yr) 


Activation Score 


Virus Load (10 6 copies/mL) 


HCV Genotype 


AST (U/L) 


ALT (U/L) 


1 


M, 40 


GO, Ml 


Q.i 1 


XT A 

LNA 


zo 




2 


M, 38 


GO, Stl 


>1 


ja 


1^ 


zz 


3 


M, 61 


GO, Stl 


>1 


lb 


Irr 


Al 
TZ 


4 


M, 57 


GO, Stl 


>1 


M A 

[NA 


Zl 


1« 

JO 


5 


F, 40 


Gl, StO 


0.53 


lb 


Id 


Zl 


6 


M, 35 


Gl, Stl 


>1 


lb 


15 


ZU 


7 


F, 43 


Gl, St2 


0.83 


M A 

INA 


Q 

o 


1 1 


8 


M, 41 


Gl, St2 


>1 


NA 


14 


Zo 


9 


F, 46 


Gl, St2 


0.61 


lb 


1 T 

1Z 


1 j 


10 


M, 37 


Gl, St2 


0.70 


lb 


It- 


ZD 


11 


F, 62 


G 1 , St2 


0.37 


la 


24 




12 


M, 22 


Gl, Stl 


>1 


2 


23 


A*7 


1 1 

1j> 


M, DO 


IjZ, JLl 


n 07 
u.u / 


1 D 


15 


28 


14 


M, 35 


G2, St2 


0.29 


NA 


31 


75 


15 


M, 46 


G2, St2 


>1 


la 


52 


95 


16 


F,59 


G2, St2 


NA 


lb 


25 


38 


17 


F, 56 


G2, St2 


NA 


lb 


21 


32 


18 


M, 42 


G2, St3 


0.02 


NA 


37 


48 


19 


F, 24 


G3, St2 


0.003 


3a 


274 


536 


20 


F,38 


G3, St4 


>1 


3a 


23 


27 



NOTE. Activation score was determined according to Batts and Ludwig. 22 

Abbreviations: AST, aspartate transaminase; ALT, alanine transaminase; G, grade of necroinflammatory activity; St, stage of fibrosis; NA, not available. 



caspase-3 and Cy3-conjugated donkey anti-rabbit secondary anti- 
body for the detection of caspase-3 activation. 

Flow Cytometry. The relative time course of DNA fragmentation 
and caspase activation was analyzed by flow cytometric staining of 
HepG2 cells. Cells were seeded in 6- well plates and treated with 
anti-CD95 (0.5 /xg/mL) in the presence of cycloheximide (10 pig/ 
mL). After the indicated times, cells were harvested and fixed in 
ice-cold methanol. After 2 washes in PBS, DNA fragmentation was 
detected by TUNEL staining by using fluoresceine-labeled dUTP as 
described above. To simultaneously measure caspase activation, cells 
were incubated with the activation-specific caspase-3 or anti-cleaved 
PARP antibodies or the respective IgG controls for 1 hour and labeled 
with phycoery thrin-conjugated secondary antibodies for 30 minutes 
after the TUNEL reaction. The percentage of positive cells was quan- 
tified in a FACS Calibur flow cytometer (Becton Dickinson, Heidel- 
berg, Germany) with CellQuest software using the FL1 channel for 
TUNEL reactivity and the FL2 channel for caspase activation. 

Extracts and Immunoblotting. The proteolytic cleavage of caspases 
and PARP was investigated by immunoblotting in HepG2 cells. A 
total of 1 X 10 6 cells were seeded in 6-well plates and treated with 
anti-CD95 (0.5 u.g/mL) and cycloheximide (10 /xg/mL). After 6 
hours cells were washed in cold PBS and lysed in 1% Triton X-100, 50 
mmol/L Tris-HCl, pH 7.6, and 150 mmol/L NaCl containing 3 tig/mL 
leupeptin, 3 jxg/mL aprotinin, 3 /xg/mL pepstatin A and 2 mmol/L 
phenylmethylsulfonyl fluoride. After centrifugation (10 minutes, 
13,000 rpm, 4°C), the cell lysates were separated by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and transferred onto a 
polyvinylidene difluoride membrane (Amersham, Braunschweig, 
Germany). Membranes were blocked with 5% milk powder in Tris- 
buffered saline and then incubated for 1 hour with 1 jig/mL of either 
anti-cleaved caspase-3, anti-cleaved caspase-7, or antibodies recog- 
nizing the full-length forms of the proteins. Membranes were washed 
4 times with Tris-buffered saline/0.05% Tween-20 and incubated 
with the respective peroxidase-conjugated secondary antibodies for 
1 hour. After extensive washing, bound antibodies were detected by 
enhanced chemiluminescent staining. 

RESULTS 

Detection of Caspase Activation and PARP Cleavage in Apoptotic 
HepG2 Cells. Human hepatoma HepG2 cells were either left 
untreated or incubated with the agonistic anti-CD95 antibody 



to induce apoptosis. Activation of effector caspases and PARP 
cleavage were investigated by immuno cytochemistry by using 
activation-specific antibodies for caspase-3 and caspase-7 
as well as an antibody specific for caspase-cleaved PARP. 
Whereas normal viable cells showed no immunoreactivity 
(Fig. 1A-C), HepG2 cells induced to undergo apoptosis 
clearly stained positively for active caspase-3 (Fig. ID), 
caspase-7 (Fig. IE), and cleaved PARP (Fig. IF). The immu- 
noreactive cells were mostly apoptotic, as they displayed typ- 
ical condensation of the cytoplasm and nucleus as well as 
membrane blebbing. No staining was obtained with iso type- 
matched control IgG (Fig. 1G and H). 

To verify the detection of caspase activation, we prepared 
cell lysates from HepG2 cells and subjected them to immuno- 
blot analyses with either the different activation-specific anti- 
bodies or antibodies detecting also the full-length, unproc- 
essed proteins. In apoptotic cells the antibodies against the 
active caspases detected cleavage products of 17 and 19 kd 
corresponding to the large active subunit of caspase-3, and the 
p20 subunit of caspase-7 (Fig. 2). In contrast no immunore- 
activity was detected with extracts of unstimulated cells. Im- 
munoblot analysis with the anti-cleaved PARP antibody gave 
rise to several unspecific protein bands (data not shown). By 
using antibodies against the full-length forms of the different 
proteins both the uncleaved forms and the cleavage products 
of caspase-3, caspase-7, and PARP were detected (Fig. 2). 

To study the time course of caspase activation and its rela- 
tion to other apoptotic events, we simultaneously measured 
DNA fragmentation and caspase-3 and PARP cleavage by flow 
cytometry. After incubation with anti-CD95 for different time 
points, cells were costained with TUNEL to detect fragmented 
DNA and with anti-cleaved PARP, respectively. As shown in 
Fig. 3, PARP cleavage was already strongly visible after 2 
hours of apoptosis induction, and 34.9% of the cells stained 
positively with the antibody. In contrast, TUNEL reactivity 
was delayed and most strongly detected after 12 hours of 
anti-CD95 treatment (52.7% positive cells). Similar to anti- 
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active Caspase-3 

• ..-in- 



active Caspase-7 



cleaved PARP 



Control V W 



anti-CD95 




rabbit IgG mouse IgG 



anti-CD95 





Fig. 1. Detection of caspase activation and PARP cleavage. HepG2 cells were either left untreated (A-C) or incubated with agonistic anti-CD95 for 6 hours 
to induce apoptosis (D-F). Staining of cells was performed by the immunoperoxidase method by using antibodies specific for active caspase-3 (A and D), active 
caspase-7 (B and E), and caspase-cleaved PARP (C and F). No staining was observed in viable cells, whereas apoptotic cells revealed a strong immunostaining 
with the antibodies. Normal rabbit IgG (G) and isotype-matched mouse IgG (H) served as controls. 



cleaved PARP, immunoreactivity with anti-active caspase-3 
preceded TUN EL staining (data not shown). These results 
indicate that caspase-3 and PARP cleavage mark early events 
during apoptosis. 

In Situ Detection of Caspase Activity and PARP Cleavage in Liver 
Tissue of Patients With Chronic HCV Infection. Inappropriate ap- 
optosis is presumably involved in HCV-mediated liver injury. 
This prompted us to investigate the activation of effector 
caspases and PARP cleavage in liver tissues from patients with 
chronic HCV infection. Almost no immunoreactivity was ev- 
ident in healthy liver tissue using antibodies specific for acti- 
vated caspase-3 and -7 and cleaved PARP (Fig. 4A-C). In con- 
trast, liver tissue from a patient with chronic HCV infection 
clearly showed hepatocytes that stained positively for active 
caspase-3 and caspase-7 as well as for cleaved PARP (Fig. 
4D-F). Interestingly, active caspase-3 and -7 appeared to have 
a slightly different subcellular localization. Cleaved PARP and 
active caspase-3 were predominantly found in the cell nu- 
cleus, whereas the anti-active caspase-7 antibody often la- 
beled perinuclear regions. It has previously been observed in 
mouse liver and Jurkat T-cells that active caspase-7 is associ- 
ated with microsomal fractions or translocated to the endo- 
plasmic reticulum upon apoptosis induction. 23 24 Moreover, 



it was noteworthy that many hepatocytes, albeit positive for 
caspase activation and PARP cleavage, did not exhibit an overt 
apoptotic nuclear morphology (Fig. 4D-F). Additionally, we 
performed a double-staining for caspase-3 activation and 
DNA fragmentation. Interestingly, the majority of cells with 
caspase-3 activation did not reveal TUNEL reactivity (Fig. 
4G-I). Overall, these data further support the idea that immu- 
nohistochemical detection of caspase activation and PARP 
cleavage marks early events in the apoptotic process. 

Correlation of Caspase Activation and the Grade of Disease Activ- 
ity in Liver Biopsy Specimens of Patients With Chronic HCV Infection. 
We next investigated whether the extent of caspase activation 
was dependent on the grade of liver inflammation. We there- 
fore studied liver biopsy specimens from patients with differ- 
ent grades of disease activity according to Batts and Ludwig. 22 
Patients with disease activity grade 1 (Fig. 5A-C) and grade 2 
(Fig. 5D-F) revealed lower levels for caspase-3 (Fig. 5A and 
D), caspase-7 (Fig. 5B and E), and PARP (Fig. 5C and F) 
activation, whereas in patients with grade 3 (Fig. 5G, H, and I) 
a higher expression of activated caspase-3 (Fig. 5G), 
caspase-7 (Fig. 5H), and PARP (Fig. 51) was detected. Statis- 
tical analysis of 20 patients with different grades of disease 
activity revealed that the extent of caspase-3 and caspase-7 
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Fig. 2. Immunoblot analysis of 
caspase activation and PARP cleav- 
age in HepG2 cells. Lysates from 
HepG2 cells treated for 6 hours in 
the presence or absence of anti- 
CD95 were subjected to sodium do- 
decyl sulfate polyacrylamide gel 
electrophoresis and immunoblot- 
ting. (A) The staining pattern of the 
antibodies directed against the full- 
length forms of caspase-3, caspase-7, 
and PARP. Both the unprocessed 
forms (open arrowheads) and the dif- 
ferent cleavage products (closed ar- 
rowheads) were detected. (B) The ac- 
tivation-specific anti- caspase-3 and 
-7 antibodies selectively detected the 
large active subunits of caspase-3 
and caspase-7, respectively. Immu- 
noblotting with anti-cleaved PARP 
revealed several unspecific protein 
bands (data not shown). 



Fig. 3. Relative time course of 
PARP cleavage and DNA fragmenta- 
tion. HepG2 cells were incubated for 
the indicated times with anti-CD95 
in the presence of cycloheximide. 
DNA fragmentation and PARP cleav- 
age were then determined in fixed 
cells by TUNEL staining and immu- 
nostaining with anti-cleaved PARP, 
respectively. The dot blots of flow 
cytometric measurements show that 
PARP cleavage preceded the onset of 
DNA fragmentation. However, anti- 
cleaved PARP staining decreased at 
later stages of apoptosis, whereas 
TUNEL reactivity was still detect- 
able. No staining was observed in the 
absence of terminal deoxynucleotide 
transferase or by using a control IgG 
instead of anti-cleaved PARP. Like 
anti-cleaved PARP, also immunore- 
activity with anti-cleaved caspase-3 
preceded TUNEL staining (data not 
shown). 
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Fig. 4. Immunohistochemical de- 
tection of active caspase-3, active 
caspase-7, and cleaved PARP in liver bi- 
opsy specimens, liver tissues of a con- 
trol person (A-C) and a grade 2 HCV 
patient (D-F) were analyzed with the 
activation-specific antibodies for Control 
caspase-3 (A and D), caspase-7 (B and 
E), and PARP (C and F). Almost no 
irnmunostaining was obtained in nor- 
mal liver, whereas a liver biopsy from 
the patient with chronic HCV infection 
showed intense staining with the anti- 
bodies (original magnification X400). 
Neither was irnmunostaining detect- HCV 
able with irrelevant control antibodies. 
Note that the antibodies labeled hepa- 
tocytes with apoptotic morphology as 
well as cells with a rather intact cell nu- 
cleus. (G-I) Immunofluorescent dou- 
ble-staining of a liver biopsy specimen 
from a grade 2 HCV patient with anti- 
active caspase-3 (G) and TUNEL (H). 
A composite image (I), in which the 
green TUNEL staining was superim- 
posed to the red staining of caspase-3 HCV 
shows that only a small proportion of 
cells with active caspase-3 revealed 
DNA fragmentation, as indicated by the 
merged yellow color (arrow). 
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activation and PARP cleavage correlated positively with the 
grade of inflammation (Fig. 6A-C). The mean number of cells 
positive for active caspase-3 was 7.7% ± 2.9% in grade 0, 
12.2% ± 3.2% in grade 1, 17.7% ± 3.8% in grade 2, and 20.9% 
± 7.4% in grade 3, whereas in control livers not more than 
2.1% ± 0.5% of the cells were labeled. Very similar values 
were obtained when the number of cells reactive for active 
caspase-7 and cleaved PARP was compared in the different 
patient groups, underlining the reliability of the correlation to 
the grade of necroinflammatory injury. In contrast, no stain- 
ing was obtained by using isotype-matched control antibod- 
ies. Regression analysis, in addition, revealed a strict correla- 



tion between caspase-3 and caspase-7 activation (Fig. 6D). 
Unlike the grade of disease, however, no significant correla- 
tion between caspase activation and serum transaminase lev- 
els (Fig. 7) or the viral load or HCV genotype (data not 
shown) was found. Thus, the positive correlation of caspase-3 
and caspase-7 activation and PARP cleavage with the necro- 
inflammatory activity suggests that apoptosis might be in- 
volved in HCV-associated immune response and liver injury. 

DISCUSSION 

There is increasing evidence suggesting that liver cell dam- 
age in chronic HCV infection is mediated by induction of 




Fig. 5. Detection of caspase acti- 
vation and PARP cleavage in liver bi- 
opsy spcecimens with different 
necroinflammatory activity (original 
magnification X400). Liver biopsy 
specimens of patients with grade 1 
(A-C), grade 2 (D-F), and grade 3 
(G-I) disease activity according to 
Batts and Ludwig 22 were immuno- 
stained with antibodies specific for 
active caspase-3 (A, D, and G), 
caspase-7 (B, E, and H), and cleaved 
PARP (C, F, and I). Note that immu- 
noreactivity is elevated in liver bi- 
opsy specimens from patients with 
higher necroinflammatory activity. 
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Fig. 6. Correlation of caspase ac- 
tivation and PARP cleavage activity 
with the grade of liver disease activ- 
ity. Biopsy specimens from 20 pa- 
tients with chronic HCV infection 
and different grades of necroinflam- 
matory activity and from 3 control 
individuals were stained with the 
activation-specific antibodies for 
caspase-3 (A), capase-7 (B), and 
PARP (C). The number of positive 
cells was assessed by counting 4 mi- 
croscopic fields at a 400-fold magni- 
fication. (D) A regression analysis 
correlating caspase-3 with caspase- 7 
activity. Horizontal bars indicate the 
mean number of positive cells within 
each group. *P < .05; **P < .01. 




normal elevated 
ALT level 

Fig. 7. Caspase-3 activation in biopsy specimens of HCV-infected pa- 
tients with normal (n = 10) and elevated (n = 10) serum aminotransferase 
activity. Liver biopsy specimens were stained with the activation-specific 
antibody against caspase-3, and the number of positive cells was calculated as 
described in Fig. 5. Alanine transaminase values were considered as elevated, 
if the patients had increased serum levels (men >29 U/L, women >19 U/L) 
on at least 3 different occasions during the last 6 months. Horizontal bars 
indicate the mean number of positive cells showing no substantial difference 
between both groups. Neither was a significant correlation observed when the 
number of cells positive for active caspase-7 or cleaved PARP was compared 
with the aminotransferase levels (data not shown). 



apoptosis. However, the relative contribution of either apo- 
ptosis or necrosis as well as the functional role of caspases and 
their involvement in liver damage are largely unknown. The 
importance of apoptosis in HCV infection has originally been 
proposed in view of pathomorphologic features including (1) 
cell shrinkage and fragmentation of the nucleus, in particular 
in areas of piecemeal necrosis, (2) the presence of acidophilic 
bodies, and (3) focal cell dropouts in the liver lobule, which 
are features of apoptosis of individual infected hepatocytes. 25 
However, the number of cells with a clear apoptotic morphol- 
ogy in the liver of patients with HCV infection is relatively 
small, and also biochemical techniques, such as TUN EL stain- 
ing, which detects apoptotic DNA fragmentation, failed so far 
to show apoptotic events in a considerable proportion of 
hepatocytes in HCV infection. 

In the present study, we investigated the activation of 
caspases, which are the central executioners of many, if not all 
apoptotic pathways. Caspase-3 and caspase-7 are two main 
executioner caspases that cleave several substrates including 
PARP and finally lead to apoptotic cell death. Mainly by means 
of immunoblot analysis both caspases were shown to be acti- 
vated in mouse hepatitis models including tumor necrosis 
factor a- and CD95L-induced liver disease. 23 26 The impor- 
tance of caspases is underscored by studies with pharmaco- 
logic caspase inhibitors, which potently suppressed experi- 
mental hepatitis, as well as by the phenotype of caspase-3 
knockout mice that are largely resistant against CD95-in- 
duced liver damage. 27 ' 29 

Three points of our present study deserve particular atten- 
tion: Our results show that caspases are indeed activated in 
human biopsy specimens of chronic hepatitis patients. Sec- 
ond, we show that the activation of caspases correlates signif- 
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icantly with the inflammatory activity but not with other sur- 
rogate markers of HCV infection, such as serum transaminase 
levels or viral load. Third, unlike studies investigating late 
apoptotic features, we found that the activation of caspases is 
detectable in a considerable percentage of hepatocytes. 

Previously, the occurrence of apoptosis in chronic hepatitis 
has mainly been studied by morphologic criteria as well as the 
widely used TUNEL technique. In these studies, the amount 
of liver cell apoptosis as assessed by DNA fragmentation was 
elevated compared with healthy liver, but was rather low and 
never exceeded 0.5% of apoptotic hepatocytes in viral hepati- 
tis. 3031 } n contrast, by using 3 independent markers, i.e., 
caspase-3 and caspase-7 activation and PARP cleavage, we 
found that caspase activation was considerably higher and, 
depending on the grade of disease activity, detectable in ap- 
proximately 7% to 20% of liver cells. There are several possi- 
bilities that may account for these differences to previous 
studies. In tissue biopsy specimens, it is well known that the 
TUNEL technique has severe limitations and may not permit 
a reliable quantification of apoptotic cells. Several concerns 
have been expressed about pitfalls, lack of specificity, and 
difficulties to standardize the TUNEL technique. 32 35 Further- 
more, it is a common experience that performance of TUNEL 
staining depends greatly on the tissue pre treatment and label- 
ing procedures. 36 Another reason for the discrepancy in the 
number of TUNEL-positive cells and cells revealing caspase 
activation may be explained by the different time course of 
biochemical events in apoptosis. DNA fragmentation is recog- 
nized as a late event in apoptosis, whereas caspase activation 
occurs earlier than DNA cleavage. It has been also found that 
some forms of apoptotic cell death, even in hepatocytes, are 
not always associated with DNA fragmentation. 37 38 Finally, 
it is conceivable that in late stages of apoptosis, when DNA 
fragmentation occurs, apoptotic cells are rapidly phagocy- 
tosed by neighboring macrophages and therefore escape de- 
tection by TUNEL staining. Thus, the approach of quantifying 
apoptosis by morphologic criteria and DNA fragmentation 
may underestimate the number of cells undergoing apoptosis. 

It has been reported that liver injury in chronic HCV infec- 
tion is not directly related to either the number of infected 
hepatocytes or the serum HCV RNA concentration. 39 Kinetic 
analysis of viral turnover in patients indicated that HCV in- 
fection is a highly dynamic process with a short half-life of 
viral particles and HCV-infected cells. 40 It has been calculated 
that the daily turnover of HCV-infected cells may be as high as 
13% to 25%. Assuming that in patients with chronic HCV 
infection approximately 50% of hepatocytes are infected, this 
would mean that between 6.5% and 12.5% of hepatocytes are 
killed daily. 3141 It is remarkable that this number is very sim- 
ilar to the amount of cells with active caspases ranging from 
7% to 20%. 

It is commonly assumed that activation of the caspase 
cascade marks a lethal hit and "point-of-no-return" in the 
apoptotic pathway. However, the identification of endoge- 
nous caspase inhibitors and some other recent evidence 
suggest that within a cell the extent of caspase activation 
may be restricted and not necessarily lead to cell death. It 
has been shown that caspases, including caspase-3, are 
transiently activated upon cell stimulation in nonapop- 
totic, proliferating T cells. 42 * 43 Importantly, in these cells 
caspase activity resulted in a rather selective substrate 



cleavage, because PARP and lamin B, but not DNA frag- 
mentation factor or replication factor C were processed. It 
was also shown that caspase activation is required for 
erythrocyte differentiation without inducing cell death 44 
Thus, it is possible that the hepatocytes immunoreactive 
for active caspase-3 and -7 either undergo apoptosis or, 
despite the activation of caspases, do survive. 

Similar to previous studies investigating DNA fragmenta- 
tion in HCV infection, 30 31 we did not find a significant corre- 
lation of caspase activation to viremia or serum transaminase 
levels. This lack of correlation may be related to different 
types of cell death. In vivo studies have shown that apoptosis 
of hepatocytes was accompanied by elevated transaminase 
levels, but that the release of transaminases was lower in ap- 
optosis than in necrosis. 1 Thus, relative differences in the 
occurrence of apoptosis and necrosis could explain why 
transaminase levels and caspase activation are not correlated. 
Our results further suggest that chronic liver damage and 
hepatocyte cell loss by apoptosis can occur in HCV-infected 
patients without overt biochemical changes. This may explain 
the progressive nature of HCV infection that can be seen in 
asymptomatic patients with normal transaminase levels. 

In contrast to these surrogate markers, we found a signifi- 
cant correlation of caspase activation and the histologic grade 
of disease, i.e., necroinflammatory activity. Patients with 
grade GO revealed caspase-3 and caspase-7 activation and 
PARP cleavage in 7.7%, 8.7%, and 10.7% of the hepatocytes, 
respectively. In contrast, in G3 hepatitis 20.9%, 19.5%, and 
19.9% of cells were found to stain positively with the activa- 
tion-specific antibodies. In healthy liver tissues all 3 markers 
never labeled more than 2.6% of the cells. In addition to in- 
flammatory activity, the classification according to Batts and 
Ludwig 22 provides a semiquantitative measure for the degree 
of fibrosis. Although apoptosis may be implicated in fibrosis 
and liver regeneration, we could detect a positive correlation 
between caspase activation and fibrotic reactions only in 
lower (0-2) but not in higher stages (3-4) of fibrosis (data not 
shown). One reason for this observation could be that with 
increasing fibrotic alterations and cirrhosis the antiapoptotic 
molecule Bcl-2 is up-regulated which might also explain the 
high incidence of hepatocellular carcinoma in patients with 
cirrhosis. 45 

Both immune-mediated reactions and direct cytopathic ef- 
fects of HCV have been implicated in liver damage. Recent 
studies showed that the HCV core protein exerts both pro- 
apoptotic and antiapoptotic properties in different experi- 
mental conditions. 912 The HCV core protein can modulate 
the immune response by activation of transcription factors, 
such as nuclear factor- kB and activator protein- 1, thereby in- 
ducing the production of proinflammatory cytokines. 46 Thus, 
HCV proteins might modulate hepatocyte apoptosis by indi- 
rect rather than by direct mechanisms. In line, it was shown 
that the HCV-specific cytotoxic T-lymphocyte response was 
associated with lower levels of viremia and higher disease 
activity. 47 An important mediator of the cytotoxic T-lympho- 
cyte response is CD95L transducing apoptotic signals to hepa- 
tocytes. Up-regulation of CD95 as well as induction of CD95L 
expression on T lymphocytes has been found to correlate with 
more severe inflammation in HCV infection. 2,7,8,48,49 i t was 
shown that CD95L may also exert proinflammatory activities 
by inducing interleukin 1/3 secretion that is responsible for 
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neutrophil infiltration. 50 Thus, the HCV-mediated immune 
response is closely associated with CD95-triggered hepato 
cyte apoptosis, giving rise to several amplification loops. 

In summary, our data clearly show that caspase activation is 
associated with inflammatory reactions, supporting the hy- 
pothesis of an immune-mediated mechanism for apoptotic 
liver cell damage in chronic HCV infection. The positive cor- 
relation between caspase activation and inflammatory liver 
damage in HCV infection opens challenging possibilities for 
the development and use of new therapeutic agents. A number 
of small-molecule caspase inhibitors with demonstrated liver 
efficacy and bioavailability have been identified and are cur- 
rently being tested in animal models. Monitoring caspase ac- 
tivation might therefore provide a reliable diagnostic tool to 
detect the degree of HCV-mediated inflammatory liver dam- 
age and to evaluate the efficacy of HCV therapy. 
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